A knowledge-based computer system, designed to assist pathologists in the histological diagnosis of breast disease, is described. This system represents knowledge in the form of "disease profiles" and uses a novel inference model based on the mathematical technique of hypergraphs. Its design overcomes many of the limitations of existing expert system technologies when applied to breast disease. In particular, the system can quickly focus on a differential problem and thus reduce the amount of data necessary to reach a conclusion. The system was tested on two sets of samples, consisting of 14 retrospective cases and five hypothetical cases of breast disease. Its recommendations were judged "correct" by the evaluating pathologist in 15 cases. This study shows the feasibility of providing "decision support" in histopathology.
Invasive breast tumours of a special histological type have a recognisably lower malignant potential than those of no special type.' The prognostic information provided by identifying the various histological tumour types is extremely important in determining treatment and long term management. As the therapeutic options widen to include various types of chemotherapy, surgical techniques, and radiation, stratification of women on the basis of prognosis becomes extremely important.
The abundance of histological patterns, often of a complex and variable nature, which occur in breast disease, present the pathologist with several diagnostic problems. He or she is required to be fully conversant with the diversity of possible patterns and to recognise and diagnose them accurately. Furthermore, the continuum of changes that often occurs between atypical hyperplasia and in situ carcinoma may be difficult to categorise. Problems situation-specific rules, and that computers can simulate expert reasoning by linking these together in chains of deduction.45 In many well constrained medical fields rule-based systems are highly developed-for example, the evaluation of pulmonary function tests6 and the cytological diagnosis of breast aspirates.7 They have also been useful in a variety of commercial tasks such as configuring computer systems.8 Many areas of medicine are so broad and complex, however, that straightforward attempts to chain together large rule sets may be faced with major difficulties. 9 Although rules are intended to be independent fragments ofknowledge, the interaction of one rule with others may not always be consistent or predictable.'0 To achieve the desired overall behaviour from a system, the system builder is required to anticipate the manner in which each rule will interact with every other rule in the knowledge base. Furthermore, as a knowledge base is expanded and new rules added, new rules may interact with the old ones in unexpected ways that are often difficult to remedy.'0 The addition of new rules may even lead to serious degradation ofa system's performance. '1"2 In addition to the practical problems ofusing rules, there are limitations to their representational adequacy. Pathologists naturally describe a disease in terms of the manifestations caused by that disease, not in the reverse form of a rule that is, "if these manifestations are present then this disease caused them."
Knowledge-based computer system to aid in the histopathological diagnosis of breast disease (2) the idea that definitive information is preferable to doubtful information.
The principle of minimum effort states that the system should ask only those questions that are pertinent to the current differential problem. For example, in the differential problem consisting of lobular carcinoma in situ and atypical hyperplasia, cell cohesion is seen as an important differentiating factor; microcalcification is not.
The second concept states that it is preferable to base a diagnosis on those disease-feature associations that we have definite knowledge about, rather than those about which we are unsure. For example, in the differentiation of intraduct hyperplasia and intraduct carcinoma, cellular composition is a more reliable discriminator than the presence of nucleoli.
We have shown that the hypergraph model will always isolate the most clinically important differential features in any given diagnostic problem and that data gathering will be optimal.20 The dialogue sessions produced by this model are succinct and pertinent, representing a significant reduction in the number of questions asked, when compared with other models. Furthermore, the systems line of questioning seems natural and intuitive.
THE SYSTEM
The decision support system runs on an IBM PC 386 or compatible with 640K of Ram, EGA graphics card, and Microsoft compatible mouse. It is written in C + +. The system has a user-friendly mouse driven interface.
At the start of a consultation session the user may identify the differential problem he or she wishes to explore. Pathologists are highly skilled at identifying a differential problem.20 The "select ideas" facility shown in fig 1 supports this aspect of pathologists' problem solving skills and enables the user to concentrate on a particular diagnostic problem.
Given an initial user specified set of differential diagnoses, the system will supplement this, if necessary, with additional hypotheses that are pertinent to that particular differential Decision Support Tool vs 1 5 1990 Figure 2 shows the format of a system generated question. At any time during a consultation session, the user can view those diseases which are currently regarded as possible solutions and those which have been rejected. Evidence for these decisions can be examined. Figure 3 shows the evidence in favour of the disease lobular carcinoma in situ. A 2 Acceptable The system's recommendation was different from that of the pathologist, but considered an acceptable alternative. This category also includes situations in which the system presented several alternative diagnoses (that were relevant to the given problem), one ofwhich was the same as that given by the pathologist. 3 Incorrect The system's recommendation was different from that of the pathologist and not an acceptable alternative. This also includes situations in which the system gave several alternative diagnoses, one or more of which were contradictory to the differential problem as perceived by the pathologist. Testing proceeded in the following manner. The evaluating pathologist examined the slide (or slides) of each case microscopically, identified the perceived differential problem, if possible, and then used the system to direct data gathering. When all the questions generated by the system had been answered, the pathologist compared the system's recommendations to his or her own diagnosis and classified it into one of the three categories described above. Table 1 shows the results of using the systems in 14 cases of breast disease. The column entitled "differential problem" indicates the initial differential problem, as identified by the pathologist. The column entitled "hypothesis size" indicates the number of diseases included in the initial hypothesis after any system additions have been added to the differential problem, as defined by the pathologist. Table 2 shows the results offive hypothetical cases of breast disease specified by the evaluating pathologist. These were included as they represent interesting and demanding diagnostic areas in which the pathologist wished to explore the system's behaviour. From a total of 19 possible correct diagnoses, the system's recommendation was judged "correct" by the evaluating pathologist in 15 cases.
The problems found in cases 3 and 6 resulted from incomplete disease specification in the knowledge base. In case 17 the system failed to differentiate between two diagnostic alternatives. All relevant data had been gathered but there was insufficient evidence to conclude in favour of one diagnosis. In such situations it is necessary to rank the diagnoses according to evidence, indicating to the pathologist which is the most likely. Knowledge-based computer system to aid in the histopathological diagnosis of breast disease 
Discussion
cult. There are various ways in which this It is recognised that the evaluation of only one problem can be tackled, however. These pathologist who has been associated with this include substituting quantitative morphostudy is not the ideal way in which to test the metric data for subjective assessment where system, but these initial tests have shown the possible, and the provision of a database of potential of the model and indicated minor example images which may be used for comareas that require attention. In particular, they parison. A natural extension of the system have highlighted those areas of the knowledge would be to include larger portions of textual base which need further development.
descriptions that could be viewed by the user to To determine if the system has fulfilled its clarify terms and assist in the recognition of goal-that is, to improve the accuracy and features. It would also be useful to include reproducibility of histological diagnosis-it is reference citations to indicate the source of necessary to evaluate objectively its perform-definitions and diagnostic criteria used in the ance on a wide scale. This is a major task, system. requiring both laboratory and field testing,22
The knowledge base at present contains 30 that must be addressed to assess the effects of disease profiles. These cover the main the system on routine diagnostic practice.
categories specified by the Breast Screening Much of the data requested by the system Programme. There are many more types of requires the user to make a subjective judgment breast disease that have not yet been included, of some histological feature, such as cell size, although it is hoped to extend the system in the and thus may render system evaluation diffi-future. 
